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ABSTRACT 
A large number of design approaches for structural concrete rely on the applicability 
of limit analysis. This is for instance the case of bending and shear design in members 
with transverse reinforcement, where it is assumed that plastic compression fields 
develop in the concrete. The behaviour of concrete in compression, however, cannot 
be directly assumed as perfectly plastic. In order to consistently apply limit analysis, 
the compressive strength of concrete is usually reduced by a number of strength 
reduction factors. In this paper, the factor accounting for the brittle behaviour of 
concrete in compression is reviewed. The aim is to assess the need for a brittleness 
factor when determining the capacity of concrete columns subjected to pure 
compression. Theoretically, the need for this factor is justified as a reinforced column 
is a composite system, where an interaction (redistribution of forces) potentially 
occurs amongst the longitudinal bars and the concrete as well as with the transverse 
(confinement) reinforcement. 
A total of 207 specimens from the scientific literature were considered in this 
research. They were all characterized by low slenderness (no second order effects) 
and presented variable concrete compressive strength (24 to 200 MPa), cross-section 
(square or circular), longitudinal reinforcement ratio (0.8 to 6.8 %), transverse 
reinforcement ratio (0.1 to 3.5 %), tie arrangement and spacing, yield strength of the 
longitudinal reinforcement (260 to 820 MPa) and yield strength of the transverse 
reinforcement (300 to 1000 MPa). Their compressive capacity was evaluated 
according to a rigid-plastic approach as well as to EN1992-1-1:2004. On that basis, a 
series of conclusions are drawn on the need for a brittleness factor.  
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INTRODUCTION 
A large number of design approaches for structural concrete members are based on 
limit analysis in which it is assumed that at failure materials eventually exhibit a 
plastic behaviour. This is the case of EN1992-1-1:2004 for instance with reference to 
shear with transverse reinforcement and bending. The assumption of a plastic 
behaviour is in good agreement for reinforcing steel since it is a ductile material with 
considerable deformation capacity (Figure 1). A rigid-plastic stress-strain relation is, 
on the other hand, less suitable for the behaviour of concrete in compression (Figure 
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2) due to the softening response after reaching its maximum strength. This brittle 
behaviour is in fact dependent on the concrete resistance, and is characterized by a 
more brittle response for higher concrete strengths. Therefore, in order to consistently 
apply limit analysis, a plastic resistance fcp is usually adopted. 
 
Figure 1. Actual stress-strain relation of reinforcing steel (left), assumed rigid-
plastic behavior (right) 
 
Figure 2. Stress-strain relationship of uniaxially compressed concrete with 
different capacities (left), assumed rigid-plastic behavior (right) 
The plastic resistance fcp is normally defined as follows:  
 cfccp ff   (1) 
where fc is the value of the concrete compressive strength measured on a cylinder and 
ηfc is a strength reduction factor that accounts for the concrete brittleness. Background 
for the need of a brittleness factor can be found in Exner (1979). Muttoni (1990), on 
the basis of results for girders with shear reinforcement characterized by the concrete 
crushing, proposed a general formulation for this factor as follows:  
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where fc0 = 30 MPa for normal weight concrete and fc0 = 20 MPa for lightweight 
concrete. The latter formulation was adopted by the fib Model Code 2010 in the 
following format: 
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In what follows, the need of a concrete brittleness factor is investigated on the basis 
of a database of 207 columns. The compressive capacity of the specimens is 
evaluated according to different procedures and the results are compared to the 
measured strengths. It should be noted that all the calculations were performed using 
mean values of the steel and concrete strengths (noted as fc and fy hereafter) measured 
during the experimental campaigns.  
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EN 1992-1-1:2004 
The general procedure of the EN 1992-1-1:2004 to compute the strength of concrete 
columns consists of adding the contributions of steel and concrete in compression 
(according to a constant strain profile in compression as in Figure 6.1 of the EN 
1992-1-1:2004). The load carrying capacity is therefore calculated as:  
  ccssR AfAN   (4) 
where 
- σs is the reinforcing steel stress 
- As is the cross-sectional area of the longitudinal reinforcement  
- fc is the mean value of the cylinder compressive strength of concrete 
- Ac is the cross-sectional area of the concrete and is obtained by subtracting the 
longitudinal reinforcement area from the gross area of the cross-section 
It can be noted that, in this expression, no brittleness factor is accounted for.  
Equation (4) is adopted to assess the load carrying capacity of the 207 investigated 
specimens. For each specimen the ratio between the measured failure load and the 
axial load obtained with the general procedure of the EN1992-1-1:2004 is computed. 
This ratio is represented as a function of the compressive strength of concrete fc in 
Figure 3. 
 
Figure 3. Comparison between column tests and EN1992-1-1:2004 (without 
confinement, with strain limitation) 
This Figure clearly shows that the procedure of the EN1992-1-1:2004 overestimates 
the failure load for high-strength concrete columns and leads to a non-uniform level 
of safety. This result is a consequence of the non-consideration of the brittle response 
of high-strength concrete. In addition, the failure load estimates are overly-
conservatives for columns with low to normal concrete strengths.  
 
Influence of confinement due to stirrups 
Although it can be interpreted according to EN1992-1-1:2004 if the confinement 
conditions shall be accounted for in the calculation of columns, this will be performed 
in this section in agreement to the general guidelines provided in section §3.1.9. This 
phenomenon results in the modification of the effective stress-strain relationship, 
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leading to an increase in strength and ductility. Such favourable action is due to the 
stirrups, that restrain the lateral deformation of concrete in compression, creating a 
triaxial stress state at the core of the elements. The confined concrete strength is 
defined as follows in EN1992-1-1:2004:  
 )/00.5000.1( 2, cccc fff     for  cf05.02   (5) 
 )/50.2125.1( 2, cccc fff     for  cf05.02   (6) 
where fc,c is the confined compressive strength of concrete and σ2 is the effective 
lateral compressive stress due to confinement. The latter is determined by the 
equilibrium of the stirrups forces and the confining pressure acting in the core of the 
columns. Considering the effect of confinement, the axial load capacity of concrete 
columns becomes:   
 csccssR AAfAN  25                       for   cf 05.02  (7) 
 csccssR AAfAN  25.2125.1         for   cf 05.02  (8) 
where Acs is the concrete confined area and is defined by the centreline of the external 
spiral or stirrup. It shall be noted that no clear guidance is available on the efficiency 
of the different stirrup geometry and spacing and a full efficiency will be assumed.  
The previous equations are adopted in order to assess the axial load capacity of the 
investigated specimens. The obtained ratios Ntest/Nmodel are represented as a function 
of fc in Figure 4. 
 
Figure 4. Comparison between column tests and EN1992-1-1:2004 (with 
confinement, with strain limitation) 
It can be noted that the results are even more unsafe compared to the previous 
calculations without considering the influence of confinement. Again, the safety 
margin decreases with increasing concrete strength, showing the need for a strength 
reduction factor accounting for the brittle behaviour of high strength concrete. 
 
Consideration of a brittleness factor ηfc  
In this section, the general procedure of the EN 1992-1-1:2004 is modified by 
considering the brittleness factor ηfc of MC2010 (Equation 3). The load carrying 
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capacity according to the general procedure of the EN 1992-1-1:2004 can thus be 
expressed as:  
 ccfcssR AfAN    (9) 
The ratio Ntest/Nmodel obtained according to this procedure is represented as a function 
of the concrete compressive strength fc in Figure 5. 
 
Figure 5. Comparison between column tests and EN1992-1-1:2004 corrected 
with ηfc (without confinement, with strain limitation) 
Interestingly, by applying the brittleness factor ηfc, the general procedure of the EN 
1992-1-1:2004 provides very few unconservative estimates and a rather uniform level 
of safety. In fact, the failure load predictions appear independent of the concrete 
strength. The relatively high value on average of the ratio Ntest/Nmodel is to be related 
to the non-consideration of the favourable effect of confinement due to stirrups. For 
this reason, the strength reduction factor ηfc is also applied to the formulation in 
which the confinement is taken into account. The load carrying capacity is therefore 
the following: 
 csccfcssR AAfAN  25                  for cf 05.02  (10) 
 csccfcssR AAfAN  25.2125.1    for cf 05.02  (11) 
The evolution of the ratio Ntest/Nmodel as a function of fc is illustrated in Figure 6. In 
that Figure, the evaluation of the strength of reinforced concrete columns according 
to EN 1992-1-1:2004 becomes more accurate when both the brittleness factor and the 
confinement due to stirrups are considered. It is therefore justified to consider the ηfc 
factor in order to avoid an overestimation of the failure load of high-strength concrete 
columns.  
 
RIGID-PLASTIC APPROACH 
In the same manner as for the EN 1992-1-1:2004, the load carrying capacity of 
concrete columns according to the rigid-plastic approach can be obtained as the sum 
of the contributions of steel and concrete in compression:  
 ccsyR AfAfN   (12) 
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Figure 6. Comparison between column tests and EN1992-1-1:2004 corrected 
with ηfc (without confinement, with strain limitation) 
 
According to a Mohr-Coulomb assumption for the yield surface of concrete (friction 
angle of 37°), the corresponding strength enhancement due to lateral confinement is 
the following: 
 23 4  cc ff  (13) 
where fc3 is the confined concrete strength and the confining pressure σ2 can be 
calculated in the same manner as presented in the fib Model Code 2010 §7.2.3.1.6. 
Considering the brittleness factor ηfc defined in Equation (3) and the favourable 
action of confinement, the compressive capacity of a column subjected to pure 
compression becomes:  
 csccfcsyR AAfAfN  24   (14) 
The evolution of the ratio Ntest/Nmodel as a function of fc is depicted in Figure 7. 
Following Figure 7, the rigid-plastic approach provides the most accurate prediction 
of the axial failure load of the investigated specimens, showing little variation in the 
strength estimates. In addition, it can be noted that thanks to the consideration of the 
brittleness factor ηfc, the level of accuracy is independent of the concrete compressive 
strength fc. 
 
CONCLUSIONS 
The present paper investigates the suitability of considering a brittleness factor in the 
strength calculation of concrete columns subjected to pure compression. The main 
conclusions are summarized below: 
- Approaches not considering the influence of concrete brittleness in 
compression, as EN 1992-1-1:2004, are potentially unsafe for high strength 
concrete columns.  
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- Considering the brittleness factor ηfc of MC 2010 allows for an accurate and 
safe estimate of the carrying capacity of columns, with a uniform level of 
safety. 
- A rigid-plastic approach accounting for concrete brittleness in compression 
provides, despite its simplicity, a very accurate predictions of the load 
carrying capacity of a column subjected to pure compression.  
 
 
Figure 7. Comparison between column tests and rigid-plastic approach 
including ηfc (with confinement, without strain limitation) 
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